The males of many butterfly species compete for territories via conspicuous aerial wars of attrition, in which the determinants of persistence ability are largely unclear. Flight performance features, such as stamina, acceleration, and maneuverability, are often assumed to be important in this context, yet there is no direct evidence by which to evaluate these possibilities. Recent research has indicated that competitive ability increases with age in a notably territorial species, Hypolimnas bolina, which could arise from lifetime morphological or physiological changes that directly affect flight performance. I evaluated this hypothesis by investigating how size-independent variance in body composition, energy stores, flight muscle ratio (FMR), and wing condition change with age in this species. Males in five age categories (spanning the functional life span of territorial individuals) were sampled from encounter sites in tropical Australia. Analysis of body composition with respect to an estimate of eclosion mass (forewing length) indicated that total body mass, abdomen mass, and wing area decrease throughout an individual's lifetime, but thorax mass remains unchanged. Wing loading (the ratio of wing area to body mass) is lowest in intermediately aged individuals, but FMR and energetic status remain largely similar regardless of age. On average, therefore, the energetic cost of sustained flight should first decrease, then increase, with age in a male H. bolina (of standardized body size), while available energy reserves decline slightly. Acceleration and maneuverability should remain relatively constant. These results, coupled with the fact that body size is unrelated to contest success in this territorial butterfly, fail to support the idea that agerelated competitive ability is mediated simply by energetics or flight performance.
I
ntrasexual contests among many animals are settled on the basis of morphological or physiological features that directly determine an individual's resource-holding potential (RHP; Parker, 1974) . Conventional theories contend that contests will be settled in favor of individuals with higher RHP (Mesterton-Gibbons et al., 1996) , although the determinants of RHP may vary significantly between animal groups and depend on the nature of the contest. In physical battles where the cost of injury is high, RHP is routinely correlated with large body size, physical strength, and weaponry (reviewed by Huntingford and Turner, 1987) . In contrast, relatively less violent contests involving protracted periods of display demand high endurance capability. RHP in the context of these staying contests, termed ''wars of attrition '' (Maynard Smith, 1982) , is expected to be determined primarily by traits such as energy reserves and energetic efficiency that affect persistence ability (Marden and Waage, 1990; Mesterton-Gibbons et al., 1996) .
Many territorial butterfly species compete via intrasexual contests, yet the determinants of RHP in this group have remained largely a mystery (although see Stutt and Willmer, 1998) . Butterfly contests typically consist of noncontact, aerial maneuvers termed ''spiral flights'' (Davies, 1978) or ''spinning wheels'' (Wickman and Wiklund, 1983) , in which the combatants circle each other in mid-air until one male gives up. These attrition-type persistence duels are not settled by physical force; hence, they offer an important opportunity to increase our understanding of the evolution of weaponless contest settlement. However, although acceleration or maneuverability (Baker, 1972; Hernández and Benson, 1998; Karls-son, 1994; Stjernholm and Karlsson, 2000; Wickman, 1992; Windig and Nylin, 1999) and energetics (Rutowski, 1991) have been suggested or implied as potential physiological determinants of butterfly RHP, general empirical support is lacking. This is surprising because energetics and flight musculature have been implicated as key determinants of RHP in related insects that compete via conceptually similar aerial wars of attrition (see Convey, 1989; Marden, 1989; Marden and Rollins, 1994; Marden and Waage, 1990; Plaistow and Siva-Jothy, 1996; Plaistow and Tsubaki, 2000) .
I used the territorial butterfly Hypolimnas bolina (L.) (Nymphalidae) as a model for investigating the potential relevance of energy reserves, flight musculature, and wing condition to the outcome of aerial butterfly contests. Males of this species compete for the ownership of perching territories via circling contests that are typical for butterflies (described later). Recent research has shown that contest success in this species is related to age (see Kemp, 2000b) , and this result has been validated experimentally via a demonstration that contest persistence increases throughout the lifetime of an individual (Kemp, unpublished data) . Due to seasonally predictable size plasticity (Kemp, 2000a; Kemp and Jones, 2001) , coupled with overlapping generations and a relatively long life span, male age in H. bolina is also positively related to large adult body size in spring populations but small size in autumn populations. This is because individuals eclosing during spring and summer are substantially smaller than those eclosing at other times, and these males constitute the young members of spring populations and the old members of autumn populations (see Kemp, 2000b , for an expanded explanation). Because older males are competitively superior in all seasons, body size (and correlated variation in other biophysical attributes) appears largely irrelevant to the outcome of territorial contests in H. bolina (Kemp, 2000b) . However, it remains possible that contest outcome is mediated by asymmetries in biophysiological features not correlated with body size, such as size-independent variance in body composition, energy stores, relative flight muscle mass, and wing condition.
Hypolimnas bolina provides an excellent model by which to assess the relevance of biophysical factors to butterfly contests because, if these factors determine RHP, then we should expect to see age-related changes and expect these changes to proceed in specific directions (outlined below). Lifetime changes in size-independent male properties such as body composition, energy stores, relative flight muscle mass, and wing condition have been reported for butterflies (Karlsson, 1994; Stjernholm and Karlsson, 2000) and are implicated as determinants of RHP in other insects (Marden and Waage, 1990; Petersson, 1989) . Here I aimed to chart how these parameters change with age in male H. bolina and to explicitly evaluate the possibility that they contribute to RHP in this territorial species.
Specific predictions
The generalized physiological-based RHP hypothesis contends that older male H. bolina possess a biomechanical advantage that allows them increased persistence in an aerial war of attrition. The simplest potential application of this idea is that persistence is determined by fuel reserves, such that the male with the largest energy budget is willing or able to ultimately persist the longest (Rutowski, 1991) . Male contest persistence is strongly linked with fat stores in several odonates that compete for territories via prolonged aerial wars of attrition (Marden and Rollins, 1994; Marden and Waage, 1990; Plaistow and Siva-Jothy, 1996; Plaistow and Tsubaki, 2000) . Butterflies store fat in extensive abdominal fat bodies similarly to odonates (Pullin, 1987) and are known to use lipids as a fuel for extended flight (beyond the first few seconds; Crabtree and Newsholme, 1975 ). Because aerial contests in H. bolina routinely last longer than one min, and may last up to 15 min (Kemp, unpublished data) , persistence in escalated or true contests (i.e., the ''reserve strategy'' of Parker and Rubenstein, 1981) will be ultimately determined by lipid reserves. If energetic costs are ecologically relevant, then butterflies would be expected to evolve schedules of contest behavior that minimize energetic expenditure, possibly involving pairwise assessment of energy reserves (Parker, 1974 ). In the case of H. bolina, this energetic constraint hypothesis predicts that older males should possess greater fat reserves (per unit body weight [flight load]) than their younger counterparts.
A related prediction concerns wing loading and the potential energetic advantage to having a lower ratio of body size to wing area (Marden and Chai, 1991; Marden and Rollins, 1994; Wickman, 1992) . In general, having a higher wing loading (high body size:wing area ratio) requires higher wing-beat frequencies to maintain a given level of flight performance (Byrne, 1988 ) and therefore will increase the energetic demands of flight (Wickman, 1992) . Wing loading has the potential to vary with age in H. bolina due to the cumulative effects of wing tattering (see Rutowski, 1992 , for reports of wing damage in males of this species) and changes in body mass. Wing loading could conceivably either increase or decrease with age depending on the relative magnitude of the changes in wing area and body mass. If energy stores are limiting to male contest persistence, then individuals with relatively lower wing loading would be more advantaged because contests would be relatively less energy expensive per unit time for these individuals (i.e., contest costs would accrue at a lower rate). This hypothesis therefore predicts that older male H. bolina should possess relatively lower wing loading values.
The final prediction draws upon the possibility that acceleration and maneuverability determine the outcome of male butterfly contests. These parameters have been implicated as determinants of RHP in male odonate contests (see Convey, 1989; Marden, 1989; Plaistow and Tsubaki, 2000) and are often discussed with respect to butterfly contest ability (e.g., Baker, 1972; Hernández and Benson, 1998; Stjernholm and Karlsson, 2000; Wickman, 1992; Windig and Nylin, 1999) . Although the precise mechanisms of such competitive advantage are obscure, more agile individuals could gain from an increased ability to avoid potentially damaging collisions or evade predatory attempts during the contest. Because flying animals generate approximately constant force per unit flight muscle during high-intensity bursts of flight (Marden, 1987) , the most relevant physiological feature with respect to acceleration and maneuverability is the ratio of flight muscle mass to body mass (Marden, 1989) . This feature, termed the flight muscle ratio (FMR), is expected to directly determine acceleration and maneuverability in butterflies (Marden and Chai, 1991; Srygley and Kingsolver, 2000; Wickman, 1992) . FMR is also tightly associated with the position of center of body mass in this taxon (Srygley, 1994) ; the center of body mass is a potential biophysical determinant of flight performance (see Srygley and Chai, 1990; Srygley and Dudley, 1993; Srygley and Kingsolver, 2000) . The specific prediction is that, if acceleration and maneuverability are important to the outcome of intrasexual butterfly contests, then we would expect to see FMR generally increase with age in H. bolina.
MATERIALS AND METHODS

Territoriality in H. bolina
Like many nymphalid, papilionid, and hesperiid butterflies, male H. bolina occupy and defend perching sites in forest clearings and along flight paths as a means of maximizing their encounters with receptive females (Kemp, 2000b; Kemp and Rutowski, 2001; Rutowski, 1992) . Intrasexual contests are generally initiated when one male encroaches upon another's perching territory. The escalated (true) component of the ensuing contests consists of both males flying around each other in circles (100-300 mm diam), close to the ground (Ͻ 1-2 m), before one male retreats with a stereotyped submissive flying action (Kemp, 2000b; Rutowski, 1992) . In field studies throughout autumn and spring 1998, Kemp (2000b) found that escalated contests lasted, on average, 65.4 Ϯ 19.3 and 11.7 Ϯ 2.6 s, respectively, but they can last up to 15 min (Kemp, unpublished data) .
Butterfly sampling and age assessment
Butterflies were sampled haphazardly throughout February 2000 (late summer) from field encounter sites near Cairns, Australia (16Њ53Ј S, 145Њ45Ј E). Most males were sampled along the transect used recently to document the effect of size and age on contest outcome (Kemp, 2000b) , but some were taken from similar sites nearby. I initially observed all individuals for 5-10 min to ensure that they were exhibiting behavior consistent with territorial defense (see Rutowski, 1992) . Males were then caught and aged on a five-point scale based on wing wear-the same scale used by Kemp (2000b) to relate age to competitive ability in this species. The wing wear assessments utilized the degree of fading of darker wing regions and feathering of the wingtips, rather than the extent of lost wing area per se, and are hence more sensitive to the cumulative effects of wing scale loss due to aging. This aging technique has been widely used in studies of butterflies (e.g., Karlsson, 1994; Stjernholm and Karlsson, 2000) and other insects (e.g., Plaistow and Siva-Jothy, 1996; Plaistow and Tsubaki, 2000) . I also consulted a set of preserved specimens representing each age class to ensure that butterflies were aged in a manner similar to that of Kemp (2000b) . A total of 57 butterflies (at least 11 individuals in each age class) were retained; these were transported to the lab in individual glassine envelopes and immediately frozen.
Data presented by Kemp (2000b) and Kemp and Rutowski (in press) indicate that field populations are composed of males of varying ages encompassing a broad range of competitive abilities. Even after defeat, less competitive younger males remain in the vicinity of an encounter site (such as the major sampling site used here) to occupy less popular perching locations (Kemp, 2000b) . Males in this study were captured from many individual perching locations (of presumably varying popularity); hence sampling can be considered random with respect to any relationship between age and intrinsic RHP.
Physiological and morphological characterizations
After drying at 70ЊC for 4 days, each whole animal was weighed (to the nearest 0.0001 g) using a Sartorius BP 210 s model digital balance, and the abdomen and thorax were dissected (less wings and legs). I then weighed each body part (again to the nearest 0.0001 g) before lipid extraction. Lipid was extracted from each individual body part using a microsoxhlet apparatus (refer to Marden, 1989; Marden and Waage, 1990) . Samples were placed in a fat-free cellulose thimble (Whatman 19 ϫ 50 mm) and exposed to refluxing petroleum ether for 8 h. Repeated 120-min extractions on seven abdomens indicated no further weight change after the sixth hour (paired t test on the abdomen dry weight between 6-and 8-h extractions; t 6 ϭ 2.12, p Ͼ .05). After extraction, remaining tissues were dried for a further day at 70ЊC before reweighing. I calculated body fat mass by subtracting post-extraction dry weight from pre-extraction dry weight.
The two pairs of wings of each specimen were carefully laid out and laminated between two sheets of transparent contact adhesive. The silhouette of each wing was then projected onto a wall so that it aligned with the outline of a ''perfect'' wing drawn on graph paper (perfect forewing ϭ 31 squares high I calculated the total area of each male's wings by first determining the area of a perfect set of wings (WA) corresponding to the size of each specimen using the equation WA/WL ϭ 90,650/245, where WL ϭ the specimen forewing length (measured from the specimen to the nearest 0.5 mm and corrected for wingtip damage where necessary; see Kemp, 2000b) , 90,650 ϭ the area of the projected perfect (graph paper) wings in square millimeters, and 245 ϭ the length of the perfect forewing in millimeters. WA was then multiplied by the proportion of all (3626) grid squares covered by the specimen's collective wing silhouettes to give the total area of intact wing.
Statistical analyses
I used the standardized residuals from regressions of (1) postlipid-extraction thorax mass (dependent variable; log transformed) on dry body weight (independent variable; log transformed), and (2) dry body weight (log transformed) on wing area (log transformed), to give the values of FMR and wing loading, respectively, for each individual. This approach was used to yield size-independent measures of flight muscle and wing area relative to total load (body weight) and follows the usage by Marden and Chai (1991) , Marden and Rollins (1994) , and Plaistow and Tsubaki (2000) . Because variation in body size per se is unrelated to contest ability in H. bolina (Kemp, 2000b) , only size-independent variance in these variables is relevant to this analysis (simple ratios between bodily tissue regions would not be appropriate because these values are subject to size dependence). I calculated an index of energetic status (Marden and Rollins, 1994) using the standardized residuals from a regression of fat dry weight (log transformed) on body dry weight (log transformed). This approach controls for differences in absolute fat content in the face of differences in body size and should provide the best estimate of aerial persistence ability for each insect (Marden and Rollins, 1994) . All measures (wing loading, FMR, and energetic status) were compared between age classes using univariate ANOVAs.
In addition to these analyses, I regressed overall body dry weight, abdomen dry weight, and thorax dry weight against wing length (all variables log transformed) and used the residuals to estimate how the mass of different body regions change, relative to eclosion mass, with age. Wing length is strongly related to eclosion mass in H. bolina (see Kemp, 2000a) , and using this parameter to estimate eclosion mass follows the precedent of Stjernholm and Karlsson (2000) . I assessed differences in standardized mass values between age classes using univariate ANOVAs.
Dry masses were used throughout this study due to the difficulties in controlling for the extent of dehydration in fresh samples. The results of all body size-controlled analyses are robust to scaling differences between wet and dry mass because these scaling effects act chiefly on the regression slope (which is removed) and not the residual, size-independent variance in each composite biophysical variable.
RESULTS
As expected from the findings of Kemp (2000b) , the older specimens sampled throughout this study were smaller (in terms of wing length and hence eclosion mass) on average than their younger counterparts (Table 1) . Older members of late summer populations are expected to have eclosed as relatively smaller adults because they developed under warmer temperatures and longer days during late spring/early summer (see Kemp, 2000a,b; Kemp and Jones, 2001) . The presence of this age-size relationship validates the present usage of wing wear as an age estimator.
All studied properties varied with age, except for thorax lipid weight (Table 1) , and regressions conducted to yield standardized residuals for age-based analyses were highly significant ( Table 2) . Analysis of body mass with respect to wing length (the estimate of eclosion mass; see Kemp, 2000a ) revealed a marginally significant effect due to age on body mass (ANOVA on standardized residuals; F 4,51 ϭ 2.60, p ϭ .047; Figure 1 ). Standardized body mass was higher in younger age classes, indicating that individuals lose weight with age. Similar analyses, conducted separately for abdomen and thorax mass, revealed significant age-related variation in abdomen mass (ANOVA on standardized residuals; F 4,51 ϭ 3.54, p Ͻ .05; Figure 1 ) but not thorax mass (ANOVA on standardized residuals; F 4,51 ϭ 0.788, p ϭ .538; Figure 1 ). This suggests that the age-related decline in body mass largely reflects the loss of abdominal mass. As expected (because butterfly wings become increasingly tattered with age), standardized wing area decreased significantly with age (ANOVA on arcsine-transformed proportion of maximum wing area; F 4,48 ϭ 23.1, p Ͻ .0001).
Analysis of size-independent variation in energetic status, wing loading, and FMR (Figure 2 ) failed to find any support Marked F values indicate that the data were either arcsine (*) or log (**) transformed in order to obey normality. All reported masses are dry masses. All variables were log-transformed prior, and reported ANOVAs are significant at p Ͻ. 0001.
for the originally posed predictions (see Introduction). First, the effect of age on energetic status was only marginally significant (ANOVA on standardized residuals; F 4,52 ϭ 2.41, p ϭ .06), and contrary to prediction, this parameter appeared slightly decreased in the older age classes (Figure 2 ). Second, no difference in FMR was detected across the age classes (AN-OVA on standardized residuals; F 4,51 ϭ 0.567, p ϭ .687). Finally, although wing loading varied significantly according to age (ANOVA on standardized residuals; F 4,48 ϭ 4.60, p Ͻ .005), this variation did not support the prediction. Rather than decreasing with age, wing loading was high in relatively younger and older individuals (Figure 2 ).
DISCUSSION
This investigation has shown that over the lifetime of a male H. bolina, absolute body mass, abdomen mass, and wing area decrease with age, while absolute thoracic mass remains constant. This study has also shown that, within a population of variously aged males (of standardized body size), wing loading is lowest in intermediately aged individuals, FMR (and probably also center of body mass) is similar regardless of age, and energetic status decreases slightly in older individuals. Therefore, on the basis of size-independent factors, the energetic cost of sustained flight (such as seen during an escalated contest) should first decrease, then increase, with age in a male H. bolina, while available energy reserves should remain unchanged or even decline slightly. Performance attributes of flight, such as acceleration and maneuverability, should remain relatively constant regardless of male age. These results find no support for the notion that older male H. bolina possess a simple biomechanical advantage allowing greater intrasexual contest persistence. Because older males are generally competitively superior regardless of body size differences (Kemp, 2000b) , doubt must be cast on the relevance of the studied physiological determinants of energetics and flight performance to the outcome of naturally occurring aerial contests.
Territorial butterfly contests, including those of H. bolina, essentially represent disputes over indivisible resources between individuals incapable of inflicting serious injury (i.e., ''doves'' in the sense of Maynard Smith, 1982) . In the classic situation where two doves compete via a process of attrition, persistence must be costly; otherwise, contests would never be settled (Maynard Smith, 1982) . The interpretive problem with butterfly contests is that it is not at all clear what form these costs take (Rosenberg and Enquist, 1991) . The findings of this investigation, coupled with the results of Kemp (2000b) , suggest that competitive ability in H. bolina is not mediated by the simple biophysiological constraints apparently important to other taxa (e.g., size : Alcock, 1993; musculature: Convey, 1989 ; energy reserves: Marden and Waage, 1990; Plaistow and Siva-Jothy, 1996) . These findings therefore indicate that the proximate costs associated with maintaining a given level of flight performance may not be significant enough (in the face of other potential persistence costs) to have directed the evolution of conflict resolution in this species. This finding is important because energetic and flight-related parameters are frequently invoked as potential determinants of RHP in territorial butterflies (Baker, 1972; Karlsson, 1994; Hernández and Benson, 1998; Rutowski, 1991; Stjernholm and Karlsson, 2000; Wickman, 1992; Windig and Nylin, 1999) .
This result also contrasts markedly with findings across several insect groups that age-based variation in reproductive performance relates to lifetime changes in male energy reserves (refer to Marden and Waage, 1990; Otronen, 1995; Petersson, 1989; Plaistow and Siva-Jothy, 1996; Sartori et al., 1992; Yuval et al., 1984) . Perhaps the best such comparison is provided by several odonate species whose males compete for territory ownership via noncontact aerial maneuvers (see Convey, 1989; Finke, 1992, and references therein; Waage, 1988) . Accumulated evidence strongly suggests that these odo-
Figure 1
Mean body mass, abdomen mass, and thorax mass, grouped by age class. All measures are standardized by eclosion mass (see Table 2 ), and the sample size for all plots is given in the thorax mass plot.
Figure 2
Age-related variation in energetic status, flight muscle ratio (FMR), and wing loading among sampled male H. bolina. These parameters were calculated as the standardized residuals of the regressions outlined in Table 2. nate contests are settled on the basis of age-related variation in FMR and energy reserves (Convey, 1989; Marden and Rollins, 1994; Marden and Waage, 1990; Plaistow and Siva-Jothy, 1996; Plaistow and Tsubaki, 2000) . The apparent irrelevance of these factors to butterfly contests may relate to differences in contest intensity and duration between these two taxa. Escalated damselfly contests can last for several hours and lead to exhaustion (Forsyth and Montgomerie, 1987) , which could place comparatively greater emphasis on proximate factors such as flight efficiency and energetics as determinants of RHP in this group.
Although it may be premature to conclude that butterfly contests are free of proximate physiological constraints, this study at least shows that more elaborate potential solutions must be sought. Recent research has suggested a link between body temperature and contest ability in a sunspot-defending temperate species, Pararge aegeria (Stutt and Willmer, 1998) . However, thermal issues are of doubtful relevance to H. bolina and other tropical species (e.g., Heliconius sara; Hernández and Benson, 1998) , in which territorial residency is less likely to create consistent residency-linked asymmetries in body temperature (sensu Stutt and Willmer, 1998) . Competitive ability in H. bolina also increases with age, and there is no evidence of concomitant increases in the ability to attain a more favorable thermal state in older members of this species (Kemp, unpublished data) . Other potential mechanisms, such as the ability to maintain nutrient and/or oxygen supply to the site of oxidization, remain to be investigated, although these have not been convincingly shown to determine insect RHP independently of overall energy reserves (see Marden and Rollins, 1994) .
As an alternative to seeking increasingly elaborate physiological solutions, it may pay future students of butterfly contests to be more sensitive to the possibility of extrinsic costs, such as the probability of indeterminate predation or of sustaining physical injury. The presence of such costs could affect an RHP asymmetry even if combatants are equally vulnerable because individuals of varying reproductive value will vary in their willingness to accept costs (see Hernández and Benson, 1998; Kemp, 2000b) . Several authors have recently stressed the importance of taking life-history constraints into account when interpreting sexually selected processes (see Kokko, 1997 , and references therein), and butterfly contests should be considered no exception. In this vein, research is underway to examine the hypothesis that older male H. bolina are more persistent in contests-and hence competitively superior in the short term-due to their relatively reduced opportunity for future survival and reproduction.
